Evaporation of sessile droplets is a method to organize suspended particles on solid substrates. Many studies have demonstrated that Marangoni flows caused by surface adsorbed molecules or temperature gradients can strongly affect the dried deposit. In the present paper, we show how transitional Marangoni instabilitiy can be triggered by bulk-diluted tensio-active ions. Thanks to PIV analysis, we identify four different flow stages. The transition between them can be understood by considering the competition between the Marangoni flow and the mass conservation flow, usually responsible for the coffee-ring pattern. We also demonstrate that the initial ionic concentration can select a coffee-ring pattern or a more homogeneous dried deposit.
I. INTRODUCTION
The self-assembly of colloids is currently a topic of intensive research, both on fundamental [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and applied aspects. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Amongst the self-assembly processes, the evaporation of colloidal droplets has attracted much interest due to its wide range of potential applications, extending from blood analysis [23] [24] [25] [26] via inkjet printing, paint and polymers, [27] [28] [29] up to and including nanotechnology. [30] The main feature of colloidal droplets evaporation is the so-called coffee-ring effect. [31] [32] [33] [34] This effect implies that particles tend to be deposited at the edge of the final dried pattern. However, several studies have shown various mechanisms preventing this effect [29, 35] . Notably, it has been shown that Marangoni flows, driven by surface tension gradients, can be created from temperature gradients, surface tensio-active agents or in binary mixtures. [36] [37] [38] [39] Those flows can strongly modify the deposits pattern and lead to patterns such as homogeneous deposits or polygonal networks. [40] [41] [42] Moreover, some researchers have shown that more complex deposits' structures can be achieved thanks to various concentrations of proteins or liquid crystals. [43, 44] However, solutal Marangoni flows have been thoroughly described only when surface tension gradients are caused by temperature gradients or by tensio-active agents adsorbed at the surface of the droplets.
In the present paper, we show Marangoni instability can be triggered as a transitional flow by bulk-diluted tensio-active ions. Indeed, we evidence the flows which appear when a colloidal droplet containing bulk-diluted phosphate-buffered saline (PBS) is evaporating. We then show those flows can be understood by considering a competition between the mass conservation flow inducing the coffee-ring [31] [32] [33] [34] and solutal Marangoni flows. [40, 45] This comes from the fact that the bulk concentration of PBS has a slight influence on the surface tension, like * alexis.darras@ulg.ac.be other salts [46] (Supplementary Material contains data of surface tension as a function of PBS concentration [47] ). We computed a few dimensionless numbers to understand the competition's mechanisms. We eventually show how the PBS concentration consequently influences the final dried deposit of colloids and can possibly suppress the coffee-ring effect. We show that the PBS concentration can be used as a parameter to progressively change the dried deposit pattern after the evaporation. To our knowledge, this is also the first time that such a thorough analysis of solutal Marangoni flow is performed in order to assess a quantitative influence of the solute on the dried deposit.
II. METHODS

A. Suspensions preparation
The experiments were performed with microspheres dispersed in water (Estapor R M1-070/60 and F1-100XC), with a volume fraction of φ = 50. 10 −5 for M1-070 and φ = 2. 10 −5 for F1-100XC. Those 1.2µ m diameter particles are made of polystyrene and covered with carboxyl charged groups to enable electrostatic stabilization of the suspension. The F1-100XC particles are also fluorescent and allow us to perform PIV analyses, while the M1-070/60 particles contain ferrite inclusions which make them dark and allow us to get high-contrast direct image to study the dried pattern. In order to ensure the purity of the dispersing phase, the commercial suspensions are first deposited in the bottom of their container with a centrifuge. The supernatant is then removed and the same quantity of distilled water is then poured back in the container. The particles are then dispersed again in the liquid thanks to an ultrasonic bath and mechanical agitation. This process is repeated three times. Then the particles are deposited once again and the supernatant is replaced with the adequate solution, i.e. water with diluted phosphate buffered saline (PBS) (Supplier : VWR, Composition: 137 mM NaCl, 2.7 mM KCl, 12 mM Phosphate buffer). The PBS has been chosen since it is a commercially available pH buffer involving only non-organic molecules. Indeed, pH and ions concentration are often used as parameters to control electrostatic stabilization, [48] and organic molecules could potentially feed bacteria who could reach the suspension as it ages (which was a main trouble during the exploratory part of this work). At the final stage, particles are dispersed again thanks to an ultrasonic cell disruptor SONICS Vibra-Cell VC505.
B. Microscopy observations
To perform the observations, a 2 µl droplet of the suspension is placed on a microscope cover glass. A custom airtight evaporative chamber is placed upon it. The chamber is made of plexiglass and is T-shaped. The ends of the upper branches of the T are filled with silica gel to ensure reproducible humidity condition in the chamber. The central trunk is kept empty in order to keep a clear path for the light. Petroleum jelly is applied on the bottom of the chamber's base to assess airtightness between the plexiglass and the cover glass. The suspension is observed from the bottom with a 6.4x magnification (or 20x to get details of the eventually dried deposits from several pictures). The microscope used is an inverted microscope Olympus IX73, connected to a 4070M-CL Thorlabs Camera with 2048 by 2048 pixels of 16 Bits depth. The PIV pictures are obtained by enlightening the sample with a blue led source, a 470 nm centered coolLED pE-100, and then filtering the re-emitted green light, centered around 525 nm from Estapor R datasheet, thanks to an Olympus filter cube U-FBWA. The PIV images are recorded with a frame rate of 1 fps, and the velocity field is computed with a Matlab code, with embedded image filtering to decrease the focus depth and based on the open-source PIVlab tool. [49, 50] Typical videos of evaporating drops are available in the Supplementary Material [47] .
III. RESULTS
We prepared three different suspensions, each of them with various concentrations of PBS but with the same colloidal volume fraction of φ = 50 10 −5 for the M1-070 and φ = 2. 10 −5 for the F1-100XC. The PBS was diluted in volume fraction as 6. 10 −3 , 10. 10 −3 and 50. 10 −3 of the respective final suspensions. For each of these suspensions, we observed the evaporation with 5 different focus heights above the glass substrate. For each of the specific conditions, we observed at least 3 different droplets evaporation in order to assess the reproducibility of the results. In total, we then performed 15 measurements for each PBS concentration, leading to a total of 45 exploited videos. Typical videos for chosen focus height are available as supplementary materials † . From those videos, we were able to determine four different stages during the evaporation process, observed for every tested concentration of PBS and illustrated in Fig. 1 . An initial outward flow is observed during stage I. During stage II, Marangoni recirculation cells create a surface pattern of particles. This pattern collapses toward the centre in stage III, while an outward flow occurs near the substrate. During the last stage, stage IV , a global outward flow dominates the fluid motion while the particles are eventually deposited on the substrate. A quantitative approach to experimentally describe those transitions is to measure the mean 2D divergence of the flow field in a plane near the bottom plate, as described in Fig. 2 . As we will show, the transition between the different stages can be understood mainly by considering a competition between the mass conservation flow, usually responsible for the coffee-ring effect, [38] and a solutal Marangoni instability. [40, 45] A. Stage I: Initial outward flow During stage I, an outward flow mainly corresponding to the usual mass conservation flow is observed. A small recirculation is observed at the center of the drop near the substrate, which is unusual. However, this might be understood by the fact that the outward flow increases the concentration of PBS near the edge of the droplet, which increases the surface outward flow. The mass leaving the center top of the droplet must then be replenished by an upward recirculation in the center of the drop. The mean divergence of the flow-field near the bottom plate is then positive, since the fluid mainly leaves the center of the drop to reach the edge, as illustrated in Fig. 2 . During this first stage, the whole recirculation keeps increasing the concentration gardient of PBS, and then the surface tension gradient. Recent study have shown that such gradient can be as well caused by an active capture of the moving surface [51] . This surface tension gradient also slowly decreases the outward flow, then decreasing the mean divergence (Fig.2) .
B. Stage II: Marangoni recirculation cells
After approximately 300 s, a flow pattern corresponding to Marangoni instability cells is observed. Actually, Rayleigh-Bénard instabilities could also lead to similar convection cells. However, since our drops are smaller than the capillary length, this gravity-driven flow is not plausible in our system. This implies that we observe a Marangoni recirculation, driven by a gradient of surface tension. This flow creates a honeycomb-like structure with the particles which are trapped at the surface, in all probability due to some partial unwetting as observed previously in other systems. [42] The detailed analysis of the 2D velocity's divergence (row b in Fig.1 ) allows to clearly see those structures, with the alternation of regions where particles strongly converge with areas where particles strongly diverge. The mean 2D divergence, ob- served near the bottom plate, is then almost constant, but slightly negative (Fig.2) . Indeed, when observed near the bottom plate, the velocity filed still converges towards the edge of the droplet near its boundaries, creating a bias in the mean value.
Such a surface tension gradient is often produced by a temperature gradient, but temperature gradients along surface of evaporating droplets appear almost instantly and only decrease along time. [36, 40] It is then not plausible that the observed delayed instability is driven by temperature gradient. Moreover, we noticed that modifying the PBS concentration modifies the size of the cells, which can also not be explained by temperature gradients. In our case, the most probable explanation is then that the gradient of PBS concentration creates the surface tension gradient responsible for such instability.
The time at which this transition occurs is consistent with a magnitude order analysis, as we demonstrate here. Let us first consider a Marangoni number M a = ( ∂γ ∂κ κ t f )/(η R) adapted from thermal Marangoni number, [36, 40] where γ is the surface tension of the fluid, κ ≡ C i /C i (P BS) is a dimensionless volumic concentration defined as the ratio between the concentration C i of any ionic component of the PBS over the concentration C i (P BS) of the same component in the stock solution of PBS, t f ≈ 1600 s is the drying time, η ≈ 10 [47] ). The difference of concentration κ can be assessed from several hypotheses. First of all, we assume that every ionic component of the PBS has the same distribution profile along the droplet radius, when normalized by its total amount. This ensures the definition of κ does not change when another component of the PBS is used to define its value. Then, since during the stage I the fluid in the center of the droplet globally flows to the edge of the drop, we assume that the concentration of the ions near the center of the droplet is close to the initial concentration κ 0 ≈ 10 −2 before the droplet begins to evaporate. Eventually, we estimate that the concentration of ions near the droplet of the edge is of the order of magnitude of the average concentration κ m = κ 0 V 0 /V , where V 0 is the initial volume and V is the current volume of the drop. Since the volume of the droplet decreases linearly with time t, in the pinned contact line regime we observed, we can write V ≈ V 0 (t f − t)/t f . [30, 52] The difference of concentration can then be assessed as κ ≈ κ 0 t/(t f − t). After t = 350 s of evaporation, we then obtain a Marangoni number of
which is then the order of usual critical Marangoni numbers M a c above which Marangoni instability occurs. 
C. Stage III : Cheerios collapse
At the end of the second stage, the honeycomb-like structure collapses near the center of the surface, decreasing the size of the pattern's cells. During this stage III, there is an inward surface flow while the flow near the substrate is an outward flow corresponding to the usual mass conservation flow creating the coffee ring. In Fig.2 , however, one can still see a negative peak corresponding to the convergence of the particles of the surface structures. Indeed, the chosen focal plane is slightly above the bottom plate (in order to avoid noise from wall interaction), and the drop is then thin enough for the surface to be seen in the focal plane. Moreover, the detailed motion of the structure during this stage is highly depending on the geometry of the droplet and the resulting honeycomb structure. Regarding quantitative data, it is then the stage with the highest noise amongst the four stages we identified.
We believe the inward surface flow is due to the Cheerios attraction between the particles forming the honeycomb-like pattern. This is pretty hard to assess theoretically since we do not have any accurate idea on the contact angle between the spheres or their actual wetting and also because interaction of capillary charged particles is still challenging to model, especially for short distances, even on flat surfaces. [53] [54] [55] However, it has already been shown that Cheerios interactions can lead to structures of colloids and can even prevent the coffee ring effect, leading to flows similar to this collapse. [56, 57] The method used in those previous studies to verify that the Cheerios effect is responsible for structures or motion is adding surfactants in the suspension to modify those interactions. Nonetheless, such an addition of surfactants in our system would prevent or modify the Marangoni flow mechanism as well as the resulting pattern and can then not be used to check this hypothesis in our case. This will then be the focus of future studies. On the other hand, the fact that an outward flow occurs again in the system near the substrate can be understood from the dependence of velocities on the geometry of the droplet. Indeed, Hu and Larson have shown that the velocity field from Marangoni flow and the mass conservation flow linearly superimpose. [40] From their equations, we can also identify that the radial velocity depends on the geometry of the droplet as v CR ∼ 2 h 0 R/(h t f ) for the mass conservation flow and v M a ∼ M a h h 0 /(R t f ) for the Marangoni flow, where h 0 is the initial height of the droplet and h is the current height. The ratio of these two flows then behaves as
If we assume the Marangoni number does not change too much after the apparition of the Marangoni instability and we take into account the fact that the particles can still move for a height as small as h ≈ 10 −6 m, since the radius is pinned at R = 10 −3 m, it is easy to understand there is a time where the outward flow will destabilize the Marangoni instability since this ratio can reach values as high as
4 at the end of the evaporation process.
D. Stage IV : Outward flow and deposition
During stage IV , the bottom outward flow observed previously is the only flow remaining in the droplet. In Fig.2 , a corresponding peak in the divergence is observed, in agreement with values of stage I. The outward flow can be so strong that it eventually breaks down the honeycomb-like structure formed by the Marangoni recirculation cells. However, this latter observation strongly depends on the initial concentration of PBS in the droplet κ 0 , as illustrated in Fig. 3 . There are two mechanisms by which the concentration of PBS can modify the interlocking resistance and morphology of those structures. First of all, the PBS will screen electrostatic repulsion between the particles, which makes them more likely to irremediably aggregate, as well described in the DLVO theory. [58] Moreover, we have shown in Eq.(1) that the Marangoni number M a is proportional to the initial PBS concentration κ 0 . Since the size of the Marangoni cells λ ∝ M a − 1 2 is inversely proportional to the square root of the Marangoni number M a, [42, 59] this then implies that an increase of initial PBS concentration κ 0 will give rise to smaller cells. Those observations are illustrated in Fig. 3 .
Those variations have a strong influence on the eventually dried deposit of the droplet. Indeed, high initial PBS concentration κ 0 maintains the honeycomb-like structure created by the Marangoni recirculation even in the dried deposit, contrary to the low PBS concentration as illustrated in Fig. 4 . The presence of this structure is then able to decrease and mainly prevent the coffee-ring effect. This can be qualitatively observed on the pictures of Fig. 4 . A more quantitative analysis of the deposits can be performed by computing the mean surface density ρ of the deposit. We computed this quantity as a function of the relative distance from the centre r of the deposit, normalized by the radius R of the deposit. We then normalized it by its integral N = 1 0 ρ(δ)dδ, where δ = r R . This normalization enhances the relative variation values and ensures that no difference in lightening are taken into account. Resulting curves are presented in Fig. 5 . As it can be concluded from those curves, the initial PBS concentration κ 0 is a parameter which allows to switch continually from a classical coffee-ring deposit (see κ 0 = 6. 10 −3 curve in Fig. 5 ) to a much more homogeneous deposit where the density of particles in the center and at the edge are comparable (see κ 0 = 50. 10 −3 curve in Fig. 5 ).
IV. CONCLUSION
Our experiments evidenced the different flow steps induced by a solutal Marangoni flow in a sessile droplet by using PIV on various height of the droplet. Moreover, we were able to model most of the transitions and enhanced how the initial concentration of PBS influences the flow mechanisms by using simple dimension analysis. This analysis shows the key mechanism to understand the flow behavior is the competition between solutal Marangoni and mass conservation flow. We also showed that this influence can be used to control the dried deposit properties. Actually, we showed that a sufficient initial PBS concentration maintains the structure formed in the previous satge of evaporation. This looks like a promising way to control the deposition of other structures, like those obtained from self-assembled magnetic or Janus colloidal particles.
